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DISCLAIMER

The findings in this report are not to be construed as an official

Department of the Army position unless so designated by other authorized

documents.

The use of trade name(s) and/or manufacturer(s) does not constitute

an official indorsement or approval.

DESTRUCTION NOTICE

For classified documents, follow the procedures in DoD 5200.22-M, .'

Industrial Security Manual, Section 11-19 or DoD 5200.1-R, Information -.-

Security Program Regulation, Chapter IX.

For unclassified, limited documents, destroy by any method that will

prevent disclosure of contents or reconstruction of the document.

For unclassified, unlimited documents, destroy when the report is

no longer needed. Do not return it to the originator.

'.1°



SECURITY CLASSIFICATION OF THIS PAGE (When Dol Effie..4

READ I3TRUCTMOKREPORT DOCUMENTATION PAGE 537033 COUPLKTN POem
1. REPORT NUMBER GOVT ACCESSION N04 &. RECIPIENT'$ CATALOG NUMBER

ARCCB-TR- 86004 14 4 ___G_____________

14. TITLE (And Aubd.e) S. TYPE OF REPORT & PERIOD COVERED

YOUNG'S MODULUS AND POISSON'S RATIO OF STEEL AS
STRESS DEPENDENT QUANTITIES Final

6. PERFORMING ORG., REPORT NUMBER

7. AUTNOR~s) 0. CONTRACT OR GRANT NUM89111f)

W. Scholz and J. Frankel

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK
AREA 6 WORK UNIT NUMBERS

US Army Armament Research & Development Center ANCN~S No. 6111.01.91A0.0ll
genet Weapons Laboratory, SMCAR-CCB-TL PRON No. lAS2FS9W1A1A
Waterviet. NY 12189-4050 ______________

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

US Army Armament Research & Development Center January 1986
Close Combat Armaments Center IS. NUMBER OF PAGES

poe. Nj- 07801-5001 8
14.MITORING AGENCY HNM & ADDRESS(It 41lj.,a0l I&M CGRfhwe11V 0EM.) 1S. SECURITY CLASS. (of 1. lupi)

UNCLASSIFIED

IS. g "2r1IPCATION DOWNGRADING

IS. DISTRIBUTION STATEMENT (at dhis Repn)

* Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abodrace entered i Block SO. 11l Eftmiit **= Rapoff)

16. SUPPLEMENTARY NOTES

IS. KEY WORDS (Centhu. an r"rnO aide II nec...it OWd Idend& y block Mocke)

Elastic Constants
Young's Modulus
Poisson's Ratio
Steel

211 AIMTRNACrTinlu -nees , ebb Nnm mu and entitr by Wleek umber)

Second and third-order elastic constants of 4340 steel obtained from ultrasonic
measurements of specimens under zero and moderate uniaxial stresses are used
under a continuum mechanics analysis of finite deformation to predict Young's
modulus and Poisson's ratio, not only in the stress range of the measurement,
but at stresses near the yield point (150,000 psi), where Young's modulus
changes by about 2.5 percent, Poisson's ratio by 5 percent (both decrease in
tension and increase in comparison).

FOtrmDO W 72w EDITION OF I NOV645 IS OBSIOLETIE UNCLASSIFIED
SECURITY CLASSIFICATION OF TWO$ PAWE (11b. Date Rhlgee.



w cumTY CLAIUICAT@N or TNhu PMEEU et Datle

SECUhuTV CLAUGPICATI@W OP ThUS PAGE(UhI. Dfit ff



TABLE OF CONTENTS

INTRODUCTION 1

STRESS-STRAIN RELATIONS 2

DISCUSSION 4

CONCLUSION 5

REFERENCES 7

TABLES

I- SECOND AND THIRD-ORDER ELASTIC CONSTANTS OF 4340 STEEL 5
(in 105 bar)

DTIC -Accession Fo rS ELECTE I NTIS 5MA&I

MAR 14 198 DIIC e

B y...
"~~ AvaLit I ,  t ''

S Dist

t



r r



INTUODUCTIO

Hooke's Law, the linear relationship between stress 0, and strain e,

(Young's modulus 9 defines the proportionality) is not a law of nature but a

useful relationship which has innumerable experimental confirmations at small

(infinitesimal) strains. At larger (finite) strains the relationship is no

longer between stress and strain but between stress and strain to higher

powers. An analysis of the acoustoelastic effect in gun steel (ref I),

carried out as a generalization of our work on the determination of residual

stresses in gun steel (ref 2), caused us to ask the question of if and how the

elastic properties of steel would change at high uniaxial stresses in tension

or compression.

We note that we are not taking into account here the dislocation motion

which takes place under applied stress or dislocation effects; we consider the

continuum to be nondispersive. The results obtained here are purely from

continuum mechanics using finite elasticity. If dislocation motion, which

would be elastic or reversible (e.g. loops bowing out), comes into play at

these high stresses, our results would represent a lower limit to changes in

Young's modulus or Poisson's ratio.

We have only extended this work to third order elastic constants, and we

are only considering the effect of uniaxial stresses. It remains for future

Wl. Scholz and J. Frankel, "Acoustoelastic Effects in Autofrettaged Steel
Cylinders," paper presented at the Ultrasonics International 85, Kings
College, London, July 1985.

2J. Frankel, W. Scholz, G. Capsimalis, and W. J. Korman, "Residual Stress
Measurements in Circular Steel Cylinders," ARDC Technical Report
ARLCS-TR-84018, Denet Weapons Laboratory, Watervliet, NY, May 1984.
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investigation to consider the effect of higher order elastic constants or more

complex (but more realistic) loading in gun steel.

STRESS-STRAIN RELATIONS

For an isotropic solid, the relations between stresses Clj and

infinitesimal strains ei can be written as (ref 3)

a -l - X&+ 2 PiI

-ij =cj (1)

where A - ell + £22 + £33 and A and P are the second-order or so-called Lame'

constants. The indices ij refer to the three coordinate axes. Applying a

uniaxial stress along the 1-direction allows one to solve for the strains in

Eq. (1) in terms of 011. Thus, one obtains for Young's modulus

011 p(3 X+2 u)(Ell +

and for Poisson's ratio

-22 X
------------. -- .(3)

ell 2(k+p)

The Lame' constants can be determined from ultrasonic-velocity

measurements. The velocity of longitudlnal waves is given by

PVL- A + 2p (4)

while for the transverse or shear wave one obtains

-VT2 M (5)

where p is the density of the material.

3H. Kolsky, Stress Waves in Solids, First Edition, Dover Publications, NY,
1963.
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For the case of finite strains the linear relations of Eq. (1) are no

longer strictly valid. Turnaghan (ref 4) has developed the corresponding

second-order approximation to Eq. (1) for the case of finite deformations.

For isotropic materials, one requires, in addition to the Lame' constants A

and p, three more constants 9, M, and n to describe the material. These three

constants are usually referred to as third-order elastic constants or

Murnaghan constants.

Hughes and Kelly (ref 5) have derived explicit expressions for the

stress-strain relations in second-order theory for the case of an

infinitesimal strain superimposed on a finite strain. For the situation of

uniaxial stress in the I-direction, their general equations reduce to

011 - 0110 + cll,llcll + cll, 2 2 C2 2 + cl1,33C33

0 - c22, 1 161l + c22,22C22 + c22,33633

0 - c33,11 + c3 3 ,22C22 + c3 3 ,3 3C3 3  (6)

Where 0110 is the stress producing the finite strains, eii are the

infinitesimal strains caused by all - 0110, and the coefficients cii,ii are

given by rather involved expressions containing the finite strains and the

Lame' and turnaghan constants.

Equation (6) can be solved analogous to Eq. (1) to determine Young's

modulus and Poisson's ratio. The values obtained in this fashion correspond

to the situation where the finite and the infinitesimal stresses are parallel.

4F. D. Hurnaghan, Finite Deformation of an Elastic Solid, Dover Publications,
NY, 1967.

5D. S. Hughes and J. L. Kelly, "Second Order Elastic Deformation of Solids,"
Phys. Rev., Vol. 92, 1953, p. 1145.
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Finally, by replacing the finite strains in the coefficients cii,jj with the

finite stress o110 through the use of linearized relations formally identical

to Eq. (1), one obtains for Young's modulus

oll-Oll °  p(3, X-2 1) all °0 21, 31 (2 .%.2 V~m) 3n X,

SM- (1 + [ ----- + ..... .+ --- (-) 2 } (7)
ellK 0  3L3Q'+u) P( X+ P) 6K0  P'

and for Poisson's ratio
E22 X 0110

v------------(1+--.. .

E11 2(Atp) 3K0

n 2L+3 pz-2m p(2 it-m- p) 3(X -i) ( X,--u)(8)

P- X P ( } (8)

where Ko - (1/3)(3X+2p) is the bulk modulus. Equations (7) and (8) contain

the dependence of E and V on the applied finite stress as given by second-

order elastic theory. As expected, they reduce to Eqs. (2) and (3) for zero

applied finite stress.

DISCUSSION

The second and third-order elastic constants of steel are given in Table

I. They are obtained from exact measurements of longitudinal and transverse

sound velocities under zero and finite stress. Absolute velocities were

measured by the pulse-echo overlap (ref 6) technique at two frequencies, with

accuracies approaching one part in 104. The Lame' constants A and U were

determined from the absolute velocities vL - 5871 m/sec and vT - 3192 m/sec

using a density p - 7.84 x 10 3 kg/m 3 . Relative velocity changes were measured

to better than one in 104 by observing the change in return time of an echo,

6E. P. Papadakis, J. Acoust. Soc. Am., Vol. 42, 1967, p. 1045.
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typically the fifth, with applied stress. The third-order elastic constants

derived from these measurements are also given in Table 1. Inserting the

elastic constants given in Table I into Eqs. (7) and (8), we obtain for

Young's modulus the expression

E - 20.62[1 - 0.256 o11O(105 bar)](10 5 bar)

= 29.92 x 10611 - 1.77xl0- 7 o11°(psi)](psi) (9)

and for Poisson's ratio

v - 0.290[1 - 0.489 0110(105 bar)

0.290[1 - 3.37 x 10-7 o1O(psi) (10)

Equations (9) and (10) predict that tensile stresses near the yield point

(150,000 psi) will reduce Young's modulus by less than three percent and

Poisson's ratio by about five percent.

TABLE I. SECOND AND THIRD-ORDER ELASTIC CONSTANTS OF 4340 STEEL (in 10 5 bar)

X P z m n

11.04 7.99 -38.8 ± 3.6 -62.4 ± 2.4 -74.7 ± 1.6

CONCLUSION

Ultrasonic velocity measurements with stress can be interpreted to obtain

second and third-order elastic constants of steel. By using finite elasticity

in continuum mechanics, we have shown how elastic properties can be predicted

at high stresses when accurate velocity data can be obtained at low stresses.

The Poisson's ratio and Young's modulus were calculated and shown to be

affected by small percentages near the yield point. This, however, does not

exhaust the problem of elastic properties in gun steels at very high elastic

5



stresses. Questions remain in two fields. In continuum mechanics we ask what

happens near the yield point if the stress fields are more complex than the

ones calculated here. In materials science, we ask what is the effect of

anelasticity (elastic properties which are time dependent) on the Young's

modulus and Poisson's ratio. These considerations are tied in with

dislocations bowing out and are not included in the consideration of continuum

mechanics. The velocities are considered to be nondispersive.

6
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